The neutron Bragg diffraction on a bent silicon monocrystal excited by ultrasound was investigated. It is shown that for perfect crystal the relative diffraction intensity is proportional to the acoustic wave amplitude w. The calibration parameters between the generator voltage and acoustic wave amplitude were derived assuming w = (2.3±0.3)⋅10
INTRODUCTION
The effect of ultrasound (US) on neutron and X-ray scattering in perfect crystals has been the subject of many investigations (see, e.g. [1] [2] [3] [6] [7] [8] and [9] [10] 13] , respectively). Their main results could be reduced to the following. In the long-wave limit (λ s >> τ, where λ s is the US wave length, τ is the extinction length), US excitation leads to increased diffraction intensity up to the kinematical limit. The US effect on the diffraction can be considered as a smooth and time-dependent lattice deformation [14] . When λ s << τ, the US mixes the states corresponding to different sheets of the dispersion surfaces (DSs), producing self-intersection points and a new area of the total reflection governed by US. This results in a new type of oscillations that depend on the acoustic wave amplitudes [3] .
In deformed crystals, which are of great practical interest, the impact of US on diffraction has been investigated much less. The authors of [4, [7] [8] [9] report the results of theoretical and experimental data for the behaviour of neutrons and Xrays [11, 12] at Laue's diffraction in deformed silicon single crystals under highfrequency (λ s << τ) excitations. Their analysis has shown that in smoothly deformed Si crystals the US effect is expressed in violation of the adiabatic conditions for the movement of tie points on the dispersion surfaces. Owing to this, a drastic decrease in the diffraction intensities was observed for low amplitudes of acoustic waves. With the amplitude increasing, the diffraction intensity also in-creases, reaching the kinematical limit. In absolute values, the US effect is much stronger manifested in diffraction on a deformed crystal than on the ideal one. A substantial role is played by multiphonon processes [4, [6] [7] [8] . The presence of static strains leads to the appearance of a new type of oscillations depending on the value of deformation gradient [4] .
The aim of the present work was to continue our previous investigations into the Laue diffraction and to study the impact of high-frequency ultrasound on neutron scattering in the case of Bragg's reflection from a bent silicon monocrystal.
EXPERIMENTAL
As a sample, a dislocation-free silicon monocrystal 0.6×6×12 cm 3 in size was taken. The layout of a bent crystal and the scattering geometry are shown in Fig. 1 . In such a Bragg-symmetry geometry, reflections (220) and (440) were measured simultaneously, employing a simple one-crystal diffractometer and the TOF method. The sample was bent using an ordinary so-called four-point bending device (Fig. 1) . The sag of span h was measured by a micrometer. It is easy to show that the curvature radius R is reciprocally proportional to h as R ≈ L 2 /8h, where L=12 cm is the sample length.
In the experiments, a transverse US wave (K s ⊥ K 0 , H; W||H) was excited in the crystal with a LiNbO 3 piezotransducer glued on the sample by salol. The first harmonic (ν s = 26.5 MHz ) was used to make possible the work near the neutron acoustic resonance frequency, ν res = 25.8 MHz. 
RESULTS
In Fig. 2a , the frequency dependence of diffraction intensities is shown. It is seen that this cannot be interpreted as a one-mode US. The diffraction intensity vs. frequency measured stepwise with small steps is presented in Fig. 2b in detail, showing that in the crystal standing waves are created. This subject will be developed below in the discussion.
The most important experimental results are shown in Figs. 3-5. Figure 3 shows typical plots of the relative diffraction intensities vs. the piezotransducer voltage for two reflections, (220) and (440), in the "perfect" crystal (without bending). It is seen that linear dependence is a good approximation. (Fig. 4b) . In Fig. 4a it is seen that more than one phonon participate in this phenomenon. With R decreasing, the minima on the curves are moving towards large V s and become worse resolved (Fig. 4c) . I ds is the diffraction intensity for a deformed crystal excited with US; I d0 is the same with sound switched off; λ n = 0.192 nm.
V s , v Figure 5 shows that the position of minima of parameter η is moving towards higher V s with R decreasing.
In Figs. 4 and 5 it is seen that the position of minima depends both on the flexure radius R and the US wave amplitudes, V s ~ w; however, the maximum of "depression" η ≈ 0.5 is connected with neutron wave length λ n and reflection numbers only slightly.
DISCUSSION
A correct consideration of simultaneous influence of both the types of crystalline lattice deformation -static (bending) and dynamic (displacement of atoms in US wave) ones -on the diffraction of neutrons in Laue's geometry was given in works [3, 11] , where numerically (by the method of successive approximations) and, for separate cases, analytically a modified Takagi-Taupin equation was solved; in [5] , for this purpose Green's functions were employed. In the case of Bragg's geometry, the mathematical problem becomes much more complicated owing to specific boundary conditions, and, to our knowledge, has so far no analytical solution. Below, within the limits of the neutron scattering dynamic theory, a semi-phenomenological model is considered, which, nevertheless, not only gives a qualitative explanation of the experimental results but, in some cases, allows numerical characteristics to be obtained. Two cases are considered: of perfect crystal and of deformed crystal.
Perfect crystal
Most theoretical calculations have been done for the case of a coherent (onemode) US wave. However, in our case one-mode US waves cannot be excited; from Fig. 2a it is seen that the US field is incoherent, so the distribution of frequency spectrum could be described in very broad limits. Nevertheless, as shown in [17] , under our experimental conditions the one-mode model is not needed for correct interpretation of results.
For standing waves the relation T = i λ s /2 (where i is the whole number of transverse US half-waves, λ s is the neutron wave length, and T is the distance covered by US waves) will hold. Knowing T and the distance between the maxima (minima) Δν s = ν si -ν s(i ± 1) , we can determine sound velocity v s. in the direction [110] parallel to the scattering plane. Defining Δν s from the dependences shown in Fig. 2b , where Δν s = (0.049 ± 0.008) MHz, one can see that i is equal to 540 and v s[110] = 5.89⋅10 5 cm/s, and that this latter value is very close to the reference data of 5.85⋅10 5 cm/s [15] . Thus, the values of US wave velocities in crystals can be determined using the neutron and X-ray diffraction technique. This statement is also valid for slightly deformed crystals. Since the measurements were made with the frequency exceeding the neutron-acoustic resonance ν res , the linear dependences shown in Fig. 3 may be expected. According to [3] , the resonance frequency for a neutron is defined by the expression:
where Θ B and v n is the Bragg angle and the neutron velocity, respectively, and τ is the extinction length.
Expression (1) is valid for our case when the angle between H and K s is equal to 90 o . From (1) it follows that ν res = 25.3 MHz [16] , which is below our operational frequency ν = 26.5 MHz. Taking into account the Debay-Waller factor, the ν res value is the same for all observed reflections ((220), (440), etc.).
At ν > ν res a mixing of ground states occurs, and on the dispersion surfaces new energy gaps Δk s arise (see Fig. 6 ), which in the Bragg geometry correspond to the additional regions of total reflection. The absorption (emission) of the US phonon displaces the dispersion surface of a neutron by δ q:
which leads to a linear growth in the diffraction intensity depending on the amplitude of the US wave. Fig. 6 . Schematic sketch of the dispersion surfaces for Bragg's geometry in the presence of US excitation; n is the normal to the surface (the scattering plane) [18] .
As shown in [3] , in the case of ν > ν res the changes of relative diffraction intensities can be determined as
and, assuming Hw = cV s from the plots of Fig. 3 , one can obtain calibration parameter c and estimate the US wave amplitudes w: c (220) = 0.167 and c (440) = 0.290, from where w = (2.3 ± 0.3)⋅10 -2 Å/V could be derived.
Deformed crystal
For the Laue diffraction in smoothly deformed crystals the problem was analysed in [4] . The model described in this work is applicable, as will be shown, also for the case of Bragg's geometry. As distinguished from the scheme of Fig. 6 that shows for the whole perfect crystal a unitary dispersion surface, in the Penning-Polder-Kato model [17] to each point of a bent crystal an own two-sheet dispersive surface corresponds, and the neutron is moving adiabatically inside the crystal without transitions of the excited point between the DS sheets. The role of ultrasound in this model consists in resonant suppression of the adiabatic movement of tie points.
The one-phonon absorption corresponds to path 1-2-6-7-8 of the tie point along the dispersion surface (Fig. 7) . The neutron incident on the crystal excites points 1 and 8 on the DS. In the absence of ultrasound, point 1 travels path 1-2-3-4 and passes into the state corresponding to a diffracted wave. Point 8 makes no contribution to the diffraction. When US is switched on, the movement of point 8 is not disturbed. As concerns point 1, it can reach state 4 by two ways: a) 1-2-6-7-3-4 or b) 1-2-3-4. If the probability for the excitation point to remain on DS sheets at points 2, 3 6, and 7 is P and the probability to pass onto another DS sheet owing to the US disturbance is M (P+M = 1), then the probability of the former process is equal to M 2 , the probability of the latter process is equal to P 2 , and the change in the relative diffraction intensity will be
The probability of transition for the excitation point in the case of Laue's diffraction is approximately described as
where B is the deformation gradient. Using expressions (4) and (5), for the position of (Hw) min depending on the bending radius we will have:
The deformation gradient is inversely proportional to the bending radius (B ~ 1/R). Therefore, the modified Penning-Polder-Kato model describes satisfactorily some peculiarities of the Bragg scattering of neutrons on a bent silicon crystal. However, this model fails to describe the dependence of the absolute value of diffraction intensity dip |η max | on the bending radius shown in Fig. 9 . This value is close to 0.5 -as it follows from formula (4) and is reached at R = 20-60 m, after which it decreases smoothly. Possibly, this is connected with neglect of multiphonon processes. It has been shown that in the case of Bragg's geometry of neutron scattering the diffraction differs noticeably from Laue's one. However, a modified PenningPolder-Kato model can successfully be applied for explanation of the experimental data. In a bent crystal, transitions between the sheets of a dispersion surface take place. This leads to various manifestations of the behaviour of the integral scattering intensity, which drastically differs from the case of a perfect crystal. A set of the diffraction intensity minima connected with ultrasound phonon-neutron interactions has been observed. Their depth and position depend on the bending radius and, at the same time, on the amplitudes of ultrasound wave.
The observed effects may be used for creating new types of neutron monochromators and choppers governed by the ultrasound wave amplitude as well as by the length and bending radius of the crystal.
